In this paper, we investigate the capacitance tuning of nanoscale split-ring resonators. Based on a simple LC circuit model (LC-model), we derive an expression where the inductance is proportional to the area while the capacitance reflects the aspect ratio of the slit. The resonance frequency may be tuned by the slit aspect ratio leaving the area, the lattice constant Λ, and nearest-neighbor couplings in periodic split-ring resonator structures invariant. Experimental data as well as numerical simulation data, verify the predictions of the simple LC-model.
INTRODUCTION
Metamaterials are artificially structured electromagnetic materials with exceptional optical properties inherited from the structure of the sub-wavelength, mesoscopic unit-cell. Metamaterials have gained considerable interest over the past years, particular regarding potential applications such as super lensing, cloaking and negative refractive index materials.
1 By carefully engineering the unit-cell, materials can be facilitated with a negative effective index supporting negative refraction of incident waves. The realization of negative-index media combines structures supporting a negative permittivity eff as well as a negative permeability μ eff . While the plasmonic response of metals already supports a negative permittivity at optical frequencies, there is a call for geometries also supporting an artificial negative magnetic response. Cut-wires, 2 "fish-net" structures, 3 and particularly different types of split-ring resonator structures [4] [5] [6] are important in this context.
Since the pioneering work by Pendry et al., 7 artificial magnetism in split-ring resonator (SRR) structures has been demonstrated at yet higher frequencies. 8 Recently, split-ring resonators have been realized at Terahertz frequencies, 4, 9 near-infrared and visible frequencies. 6, 10 Scaling properties and coupling effects have been subject to various theoretical, numerical, and experimental studies.
11-16

THEORY
Electromagnetic radiation propagating parallel to the normal vector of the split-ring resonator plane can create an asymmetric charge distribution within the SRR. 5 This happens if the polarization is perpendicular to the SRR arms leading to a circulating, alternating current in the SRR producing an artificial magnetic dipole. For a certain frequency a circuit resonance occurs caused by the current and the circuit resistance, i.e. the impedance. The SRR circuit has a apparent analogy in the inductor-capacitor (LC) circuit from which is is possible to estimate the resonance frequency in a simple form
where L is the inductance and C is the capacitance of split-ring resonator structure, which is determined from geometrical factors, see. e.g. Refs.
14, 16 and references therein. For a rough estimate, the arms of the SRR geometry in Fig. 1 d is the slit width, and w is the slit length. In terms of inductance, the split-ring of the SRR geometry resembles a single-loop coil with inductance
where × is the area of the coil. This yields a circuit resonance frequency
where c = 1/ √ 0 μ 0 . Eq. 2 contains all of the geometrical parameters except for the height h. Some dependence of the resonance frequency on h is expected 14, 16 but this dependence is not investigated here since h is kept constant for all samples. Eq. 2 predicts a simple scaling of the resonance frequency as a function of three geometrical parameters. Other types of SRR scaling behavior has been investigated in the literature. Overall linear scaling of the structure causes a simple scaling of the resonance frequency, which is inversely proportional to the scale factor. 17 The concept of scaling applies as long as the metal can be perceived as an ideal metal. Deviations of linear scaling have been observed at optical frequencies.
10 At lower frequencies the kinetic inductance of the electrons may be neglected and the artificial magnetic response has a purely geometrical origin. 18 The capacitive response of the SRRs has also been investigated by applying a voltage across the SRRs. 19, 20 In this Letter we consider single-slit SRRs and emphasize how the inductance L mainly probes the area × of the SRR, while the capacitance C relates to the slit dimension. Obviously, the latter property allows tuning of the frequency, while leaving the area, the lattice constant Λ, and nearest-neighbor couplings in periodic structures invariant.
We apply the simple LC-model of the scaling for the resonance frequency with the slit aspect-ratio d/w. Predictions are confirmed by measurements on a large range of SRR samples fabricated by electron-beam lithography (EBL) and compared to numerical simulation data.
FABRICATION
To support and verify Eq. 2, 8 samples were fabricated, see Fig. 2 , with arrays of split-ring resonators each covering an area of 2 mm × 2 mm. A 100 nm thick layer of EBL resist, ZEP520A (3.6%, Zeon Corp., Tokyo, Japan) was spincoated onto a 1 mm fused silica substrate. A 15 nm aluminium layer is thermally deposited on top of The result of the fabrication process can be seen in Fig. 3 . A period Λ of 440 nm was chosen to obtain a clear resonance during measurements and at the same time Λ is large enough to avoid a significant impact of the coupling effect on the resonance frequency. 
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OPTICAL MEASUREMENTS
The transmission measurements were carried out using a continuum white laser light source giving a broadband (400 nm to 2.4 μm) spectrum. The polarized laser spot was 1-1.5 mm in diameter, thus effectively probing an ensemble of 10 7 -10 8 SRRs of the sample. The output signal was measured by an Ando AQ-6315E Optical Spectrum Analyzer with 10 nm spectral resolution. Fig. 4 shows normal-incidence transmittance spectra for four samples with the polarization given in Fig. 1 . The spectra show a resonance shift toward shorter wavelengths, hence larger frequencies (λ 0 = 2πc/ω 0 ) as a function of aspect ratio d/w. This is in good agreement with the predictions of Eq. 2. To further verify the LC-model, full-wave simulations were performed using CST Microwave Studios and plotted in Fig. 5 are calculated for a structure with l=200 nm, d=80 nm, h=30 nm, Λ=440 nm. The gold dispersion is described by the Drude model with plasma frequency ω p = 1.3673 × 10 16 s −1 , collision frequency ω c = 1.0027 × 10 14 s −1 and 0 = 9.0. 2 The substrate material is fused silica ε sub = 2.1. The 5 nm titanium adhesion layer is neglected in the simulation. The numerical data support the predicted linear scaling of the LC-model.
CONCLUSION
In this paper we have demonstrated the fabrication and optical characterization of planar meta-materials consisting of periodic arrays of sub-wavelength, nanoscale split-ring resonators. In normal incidence transmission measurements, the structures offer an artificial magnetic response around 1400 nm wavelength. Our key observation is that the capacitance of the split-ring resonators may be tuned by simple geometrical means without affecting the inductance significantly. This allows for frequency scaling without changing the over-all scale of the SRR and/or the lattice constant of the periodic lattice of SRRs.
